The Bacillus cereus group comprises the four valid species Bacillus cereus, Bacillus mycoides, Bacillus fhuringiensis and Bacillus anthracis. Some isolates of B. cereus are known to be psychrotolerant (growth a t 7 O C or below). Here, specific sequence differences are described between the 165 rDNA, the 235 rDNA, the 165-235 rDNA spacer region and the genes of the major cold-shock protein homologue cspA in a variety of psychrotolerant and mesophilic B. cereus and B. mycoides strains. Randomly amplified polymorphic DNA analysis using three different primers clearly separated psychrotolerant strains of both species from the rest of the B. cereus group, as did inverse PCR patterns of the rDNA operons. These data strongly support a hitherto unrecognized fifth sub-group within the B. cereus species group comprising psychrotolerant, but not mesophilic, B. cereus strains. Despite the latter finding, the DNA sequences investigated exhibited a high degree of sequence similarity indicating a close relationship between the species of the B. cereus group. Considering the unusual importance of B. cereus in both food poisoning and food spoilage and to avoid merging all species of the group, a new species, Bacillus weihenstephanensis sp. nov., comprising psychrotolerant 'cereus' strains, is proposed. Isolates of the new species grow a t 4-7 "C but not a t 43 OC and can be identified rapidly using rDNA or cspA targeted PCR. The type strain is B. weihenstephanensis WSBC 10204T (= DSM 1182IT).
INTRODUCTION
Few clear physiological characteristics are available to distinguish the four valid species of the Bacillus cereus group, B(ici1lus cereus, Bacillus tlzuringiensis, Bacillus mycoidos and Bacilliis anthracis (20, 40, 48) . All four species share a significant degree of genetic similarity as demonstrated by DNA-DNA hybridization studies (44, 26) The EMBL accession numbers for the sequences reported in this paper are 284575-284594.
at the 16S, 23s (1,2) and 16s-23s spacer regions ( 5 ) . It is accepted that the 16S-23s spacer region in particular provides a good marker for comparing both closely and distantly related organisms, since the selective pressure influencing this area of the genome is different from that for the rDNA structural genes (21, 28). Comparison of the genomic structure and organization between different strains of B. cereus and B. thuringiensis indicates that the diversity within these species is as large as the diversity between them (8) with some strains of B. cereus being more similar to strains of B. thuringiensis than to other B. cereus strains. Interestingly, the intraspecific genomic variability of B. cereus is considerable when compared to Bacillus licheni- (9) , carbohydrate profiles ( 5 5 ) and IS23 1-derived sequences (23), it is possible to discriminate B. anthracis from the remaining three species, which are difficult to distinguish. Therefore, the debate continues as to whether the members of the B. cereus group should be regarded as a single species. In addition to the four different sub-groups, psychrotolerant and mesophilic strains of the B. cereus group are known. Like their mesophilic counterparts, psychrotolerant strains have an optimal growth temperature at approximately 25-35 "C (35) . They 
METHODS
Organisms and culture conditions. Strains included in this study are listed in Table 1 . Strains designated by the prefix WSBC were isolated from milk (33) . Many milk samples were taken from three different South German dairies immediately after pasteurization over a period of 2 years, incubated at 7k0.5 "C for 10-16 d and plated on Plate Count (PC) agar. To confirm psychrotolerance, purified colonies were transferred to liquid culture (PC medium, see below) and incubated at 7k0.5 "C under agitation until growth was visible. Isolates were identified by morphological and biochemical characteristics (API 50CH and API 5OCHB; bioMkrieux). PC medium contained (1-l) 5.0 g peptone, 2.5 g yeast extract, and 1.0 g glucose, with the pH adjusted to 7.0. Trypticase soy (TS) medium contained (1-') 17 g tryptone, 3 g phytone, 5 g NaC1, 2.5 g K,HPO,, 2.5 g glucose, and 6 g yeast extract, with the pH adjusted to 7.3. The bacteria were generally cultured overnight at 30 "C with shaking. DNA similarity studies. For analysis of DNA homologies between different strains, bacteria were grown overnight in 500ml medium to the stationary phase and harvested by centrifugation (3 000 g for 10 min), resulting in 2-3 g fresh weight. DNA was isolated and purified by hydroxyapatite chromatography according to Cashion et al.
(1 1). DNA-DNA hybridization was performed at the DSMZ, Braunschweig, Germany according to De Ley et a/. (15) with a Gilford System 2000 spectrophotometer and a Gilford 2527-R thermoprogrammer and plotter. Smallscale isolation of bacterial DNA. For PCR amplification, genomic DNA of the bacterial strains was isolated following a Miniprep protocol (53) with some modifications. After lysis (0.5 O/O SDS, 0.2 mg proteinase K ml-', 37 "C, 5 h), cell wall debris, denatured proteins, and polysaccharides were complexed to CTAB (hexadecyltrimethylammonium bromide) and removed by chloroform/phenol extraction (42) . DNA was precipitated with 0.7 vol. 2-propanol, centrifuged, washed in 70 % ethanol, and air-dried. The DNA concentration was determined spectrometrically at 260 nm. PCR amplification, cloning and sequencing. Primers and PCR conditions used for amplification are summarized in Table 2 . Each amplification reaction started with a denaturation step at 94 "C for 5 min and ended with a final elongation step at 72 "C for 5 min. Reaction mixtures (100 pl) contained 50 pmol each primer, 200 pmol each dNTP (dATP, dTTP, dGTP, dCTP), 10 p1 10 x reaction buffer (100 mM Tris/HCl, 15 mM MgCl,, 500 mM KCl, 1 mg gelatin ml-', pH 8.3), 0.5 U Goldstar polymerase (Eurogentec) and 100 ng template DNA. The amplifications were carried out using a Perkin-Elmer thermal cycler. Results were checked on 1 '/O agarose gels. For cloning of the 16S, 23s and the 16s-23s spacer, the BanzHI and SalI restriction sites in the primers were used. After restriction digestion, the fragments were purified by agarose gel electrophoresis and ligated to a BamHI/SalIcut, dephosphorylated pBS SK( -) vector (Stratagene). Ligation (T4 ligase ; Boehringer) was carried out overnight at 18 "C. Escherichia coli JMlOl cells were transformed by heat shock (42) . Transformants were screened on LB agar (10 g tryptone, 5 g yeast extract, 10 g NaCI, 15 g agar, pH adjusted to 7-4) containing 80 pg ampicillin ml-' . Amplified cspA gene fragments were directly sequenced as described below. For DNA sequencing, plasmids were further purified following the Qiagen Midiprep protocol (Qiagen). DNA sequence determination (Sequiserve) was performed using a Dyedeoxy Terminator Cycle Sequencing kit (Applied Biosystems) and reaction products were analysed using an Applied Biosystems model 373A automatic DNA sequencer according to the manufacturer's protocol. For each sequence, a single clone was analysed with internal primers to create overlapping fragments. To verify specific 16s rDNA signatures, PCR fragments amplified from internal primers were used directly in sequencing reactions. The fragments were purified by agarose gel electrophoresis and sequenced following the protocol of Casanova et a/. (10) . Sequences were aligned and analysed using the software package MacMolly Tetra (SoftGene). Corrections of the alignments were performed manually. RAPD analysis. Three different primers were used (54): OPA7 (5' GAAACGGGTG 37, OPA18 (5' AGGTGACCGT 3') and OPB18 (5' CCACAGCAGT 3'). PCR assays were performed with 200 ng total genomic DNA template in a 50 pl mixture containing 100 pmol primer, 200 pmol each dNTP, 5 p1 10 x reaction buffer and 0.5 U Goldstar polymerase. The reaction conditions were 94 "C for 1 min, 35 "C for 1 min, 72 "C for 2 min (35 cycles) with an initial denaturation step at 94 "C for 7 min, and a final elongation step at 72 "C for 5 min. Amplification products were 
Organism
Growth temperature ("C) 7 cspA sequence determined in this study.
$16S rDNA sequence determined in this study. $Bacillus 'cereus' WSBC 10204T is the type strain of the new species Bacillus weihenstephanensis but is listed in this table under the old nomenclature. The same is true for all psychrotolerant Bacillus 'cereus' strains listed in this table.
visualized on 1.5% agarose gels and the results were documented with the VDS video documentation system (Pharmacia). The fragment patterns were analysed (Imagemaster 1 D software; Pharmacia) and the combined data derived from the three primers were used to construct a similarity network with the neighbour-joining method (TREE-CON; 50). Table 2 ). PCR products were visualized on a 1.2% agarose gel. T o verify that rDNA was amplified, a 16s rDNA, digoxigeninlabelled universal probe consisting of a 194 bp fragment of 16s rDNA was synthesized by PCR. The probe was hybridized for 16 h at 50 "C to the D N A fragments blotted on nitrocellulose. Chemiluminescent detection of the bands was performed with an alkaline phosphatase-conjugated antibody directed against digoxigenin (Boehringer). Band patterns were analysed (Imagemaster 1 D software ; Pharmacia) and the data were used to construct a similarity network (neighbour-joining method, TREECON; 50).
RESULTS

Growth range
For characterization of individual growth temperature ranges, isolates were incubated as liquid cultures up to 14 d under agitation at 4, 7, 10, 40 and 43 k0.5 "C. Three thermal groups emerged (see Table 1 ). Psychro-~ Inverse PCR pattern of rDNA operons 5' CGCGGGATCCB"""'GAGTTTGATCCTGGCTC 3' 5' GGCCGTCGAC.'""ACGG(A/C)TACCTTGTTACGACTT 3' tolerant B. cereus grew at 4 "C but not at 43 "C, while mesophilic B. cereus and all but one B. tlzziringiensis grew at 43 "C but not at 7 "C. The five isolates of B.
mycoides grew at 7 "C but not at 4 or 40 "C. It was important to test isolates for growth in agitated liquid culture since very slow growth of a few mesophilic B. cereus at 7 "C was observed on agar plates (data not shown).
Analysis of the 16s rDNA sequences
Almost complete 16s rDNA sequence data of seven B. cereus, two B. mycoides and six B. thuringiensis strains were determined. The sequences differ in only a few nucleotides and their comparison is shown in Fig. 1 , including data of B. cereus, B. nzycoides and B. thuringiensis available from databases (sequences taken from the literature, however, contain a certain number of undetermined nucleotides). The most significant sequence differences were observed between psychrotolerant strains of B. cereus and B. mycoides versus B. thuringiensis, B. anthracis and mesophilic strains of B. cereus, respectively. Significant differences between psychrotolerant B. cereus/B. mycoides on the one hand and all other strains of the B. cereus group on the other are evident and the variation is approximately three times greater than that observed within species. There is one region with typical base changes in two nucleotides (Table 3) . This signature was confirmed by sequencing 20 mesophilic and 15 psychrotolerant strains (data not shown) and can be used to differentiate psychrotolerant from mesophilic B. cereus by PCR (51). and 23s rDNA genes and nucleotides 1-525 of the 23s rDNA gene were sequenced from three psychrotolerant strains (one B. cereus and two B. rnycoides) and a mesophilic strain of B. cereus and B. thuringiensis, respectively. The spacer regions of these strains were 142 (B. tl.luringiensis) and 143 (B. cereus and B. ~?.zycoi~~es) nucleotides and had 14 variable positions. No tRNA genes were detected within the spacer region. The 5' region of the 23s rDNA includes seven sequence differences between the mesophilic and psychrotolerant strains. Both spacer regions and 23s rDNA sequences indicated a close relationship between psychrotolerant B. cereus and B. rnycoides and between the mesophilic B. cereus strains and B. thuringiensis, thus corroborating results from 16s rDNA analysis. 
RAPD analysis
This is a powerful tool to characterize and distinguish closely related bacteria. Seven psychrotolerant and 1 7 mesophilic B. cereus strains, five psychrotolerant B. iqjcoides strains and 12 B. tlzuringiensis strains were analysed by RAPD/PCR, each with three different primers. All assays were repeated three times to verify the reproducibility of the fragment pattern. An example of a RAPD amplification is shown in Fig. 2 . The fragment length patterns of amplifications resulting from three different primers were combined for each strain and data were analysed with the program TREECON using the neighbour-joining method for RAPD data (Fig. 3) . The combination of the three primers each binding independently and randomly to genomic fragments clearly demonstrates that the psychrotolerant B. cereus and B. nzycoides strains form a separate group. This group remains stable when individual RAPD patterns resulting from single primers were analysed. Other computer programs such as the maximum-likelihood method for restriction fragment analysis of the software package PHYLIP (version 3.75c, J. Felsenstein, Department of Genetics, University of Washington, Seattle, USA) were also used to analyse the data set and resulted in stable separation of psychrotolerant from mesophilic isolates (data not shown).
Inverse PCR pattern of rDNA operons
It is well-known that bacteria possess several rDNA operons (reviewed by 13). Since clear differences occurred between 16s rDNA sequences, it is speculated that the dispersal of the different operons over the genome and/or inter-operon sequences may vary. rDNA patterns were studied by inverse PCR (Fig. 4a) and reveal clear differences between strains. Two patterns were found for psychrotolerant B. cereus strains and two patterns were found for B. nzjwides, while five and three patterns were observed for mesophilic B. cereus and B. thuringieizsis, respectively. Specific bands for mesophilic isolates occurred around 1.3 kb, while at 800 bp, a band specific for all psychrotolerant strains was found. These patterns were used to construct a similarity network (Fig. 4b) , thus dem- In general, these results were confirmed in this study.
There are physiological parameters which are considered to be unique for the different groups: production of an insecticidal toxin by B. thuri~giensis, enterotoxin production by B. cereus and production of anthrax tokin of B. arztlircrcis, as well as mycoidal growth in the sub-group B. nzycoides. However, these (29, 31) is the ability to grow at low temperatures, as observed in psychrotolerant B. cereus strains. Despite considerable efforts, mesophilic B. cereus could not adapt to grow at 7 "C in this study.
The limit for separation of species on the basis of DNA-DNA relatedness is suggested to be 70% (52 RAPD analysis has been used to distinguish and characterize commercially available B. thuringiensis strains (6) as well as isolates of B. cereus (47) . RAPD assays resulted in a clear separation of the psychrotolerant B. cereus strains (Fig. 3) . Together with the psychrotolerant B. mi\u)icks strains, they form a separate branch in the similarity network, thus confirming the results of rDNA and cspA analysis. B. thuringiensis did not form a clear group separated from, for example, mesophilic B. cereus. The result of RAPD analysis was confirmed by the pattern arising from inverse PCR of rDNA operons, except that in this case B. thuringiensis may form a separate group.
Schraft et ul. (43) performed an epidemiological study of 62 Bacillus cereus strains isolated from food. They reported that fatty acid profiles clearly grouped 'psychrotrophic ' and mesophilic B. cercus into different clusters, which is in good accordance with results reported here, although these authors define ' psychro-
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_ _ _~ trophy' as growth at 8 "C within 100 h as measured in a Bioscreen C multiwell photometric plate reader.
These data demonstrate clearly that psychrotolerant isolates of the two species B. cereus and B. mycoick.s (i) cluster closely and (ii) are more closely related to one another than to mesophilic B. cereus and B. thuringiensis. The taxonomy of the B. cereus group therefore needs revision.
Based on their high similarity, it has been repeatedly proposed that all species of the B. c~'reus group be merged into a single species (1, 2, 7, 26, 39, 40) . It is suggested, however, that there are good reasons, in spite of the close relationship of the species, to maintain the taxonomy of the B. cereus group at the species level. This group comprises economically and medically important species which have been treated under their species names in a most diverse body of fundamental and applied literature (identification of food poisoning organisms and insecticidal toxin producers and separation of the extremely dangerous B. nntliracis). Renaming all these species as B. cereus subspecies would create enormous confusion.
There are other examples such as the Mj*cobacterium species Mycobacterium aviuin and Mycobacteriuni prrrrrrubcvmdosis which are much more closely related than these Bmillus species, having only nine mismatches in the 16s rDNA genes, one mismatch in the 23s rDNA genes, and two mismatches in the 16s-23s spacer region (49) . However, differences in growth rate and mycobactin dependence appear to be sufficient to separate these two species in view of their medical importance. Another example is the newly described, medically important species Rickettsia peacockii which has a 16s rDNA similarity to Rickettsia rickettsii or Rickettsia slovaca of 99.7 YO (37) . Sequences of 16s rDNA and CspA, as well as overall genomic organization resulting in different RAPD patterns and inverse PCR patterns of rDNA operons warrant the designation of a new, psychrotolerant species for which the name Bacillus weihenstephanensis sp. nov. is proposed. Although psychrotolerant B. rqjcoides formed a group that was separate from psychrotolerant ' cereus' in RAPD analysis, such differences were not found at the 16s rDNA, 23s rDNA or cspA level. B. rnycoides is more similar to the newly described species than to any other species of the B. cereus group. However, B. cereus as well as B. ~~eihenstephanensis are known to cause food poisoning and, therefore, belong to hazard group 2. Because no case of food poisoning has been attributed to B. mycoides, it is recommended that B. mycoides is maintained as a separate species belonging to hazard group 1 to minimize confusion.
Description of Bacillus weihenstephanensis sp. nov.
Bacillus I.i~eihenstephcilrzensis (we'ihen. ste'p han. en'sis. M .L. masc. adj. li/~ei/?enstephanensi.s referring to Freising-Weihenstephan in southern Germany, the location where the type strain was isolated).
